Contrary to pyramids and domes, elongated huts on a Si(001) substrate are commonly considered as kinetically limited structures. In this work, however, based on detailed scanning tunneling microscopy observations of Ge huts growing on Si(001) at temperatures below 550 C and finite element analysis, the possibility of an equilibrium-driven elongation is raised, where hut-preceding pits are thought to lift the energetic degeneracy of f105g facets and cause elongation along energetically preferred directions.
Simultaneous discovery of three-dimensional (3D) hut- [1] and dome-shaped [2] Ge nanoislands on Si(001) immediately generated numerous debates regarding the nature and relative thermodynamic stability of the two nanostructure types, which only grew over the years, spanning every possible aspect of nucleation (activated vs barrierless) [3] [4] [5] [6] , growth and shape transitions (activated between two energy/atom minima vs variation of island chemical potential with ripening, and other details) [7] [8] [9] [10] , and even the effect that Si capping may have on the underlying islands [11] [12] [13] . While some of the above-mentioned issues are still unresolved, the up-to-date understanding is that at temperatures above 550 C Ge nanocrystal nucleation is barrierless, with unfaceted mounds gradually developing into f105g-faceted symmetrical (square-base) pyramids, which grow in a self-similar manner until, at some critical volume, top-to-bottom pyramid-dome transition takes place, by replacing f105g facets with steeper ones. Both pyramids and domes are considered equilibrium structures; however, it is noteworthy that at these temperatures considerable alloying with Si takes place (cf. Ref. [6] and references therein). It is likely that this alloying is equally active during Si capping of the Ge nanostructures at T > 550 C, causing Ge(Si) pyramid and dome truncation [11] , contrary to the low-temperature capping (T < 550 C) where Ge 3D island shape is preserved with, however, the Si-cap atoms forming similar 3D islands [12] . In a low-temperature growth regime (T < 550 C), activated nucleation of faceted pyramids with split subcritical nuclei [6] takes place on the previously formed pyramidal pits and other defect sites [14] , and the nuclei immediately elongate into huts. Contrary to hightemperature pyramids, the hut structures are considered metastable [9] , and their advancement by bottom-to-top nucleation of facial layers is explained by kinetic instabilities due to different adatom-to-facet attachment barriers [4, 15] . As will be shown in this work, hut elongation can also be explained by an equilibrium tendency for energy minimization.
Si(001) substrates were prepared by repeated hightemperature flashes in ultrahigh vacuum, until a wellordered 2 1 1 2 reconstructed surface appeared in scanning tunneling microscopy (STM) images, acquired using electrochemically etched W tips and routine tunneling conditions (0:10 nA < I T < 0:20 nA and ÿ3:0 V < V T < 3:0 V). Nine to ten Ge monolayers were grown at a variety of temperatures (350 C < T < 500 C), while continuously STM imaged, all exhibiting an identical 2 1 ) 2 N ) M N ) pits ) huts transformation sequence expected from a growth diagram for these temperatures [16] . Evolution of the hut length and width as a function of the growing base area was measured directly from time-resolved STM micrographs, as shown in Figs. 1(a)-1(c) for three individual huts. Height variation of the elongating huts was negligible.
Mismatch-induced strain fields and energy in a pyramidal island are concentrated around its base area (less the corners), with the amount of relaxation growing towards the pyramid crest [15, 17] . Therefore, the most effective strain-relaxation growth mode would be achieved by growing more upwards than sideways, increasing vertical aspect ratio, which also stems directly from the generalized Wulff-Kaishew theorem for equilibrium crystal shapes [18] . Experimental manifestation of such effective relaxation by pyramid-to-dome transition has been found in Ge=Si001 and InAs=GaAs001 systems [19] .
However, Tersoff and Tromp (TT) have considered the case where the island height growth was slow in comparison with the rate of lateral extension [20] . They have shown, by minimizing the total energy (composed of strain and surface contributions) per unit volume for an isolated, shallow-faceted, and strained Stranski-Krastanow island on a wetting layer, such as Ge=Si001, that the optimal trade-off between surface and strain-relaxation energies yields a critical size for a square-based island, 0 , such that the growth is isotropic up to the bifurcation point e 0 e 2:718. Since vertical expansion [option 1 in the inset of Fig. 1(d) ] is constrained, the next best relaxation option is achieved by anisotropic elongation in one direction accompanied by shrinkage in the other, back to 0 [option 2 in the inset of Fig. 1(d) ]. This model has received experimental confirmation in a system of sparsely distrib-uted CoSi 2 clusters on Si(001) by implantation, which grew isotropically up to e 0 185 nm, followed by anisotropic elongation and shrinkage in the perpendicular direction to 0 68 nm [21] . However, there is little similarity between the experimental s, tA, i.e., width and length as a function of base area, curves of Ge=Si001 huts in Figs. 1(a)-1(c) and the one calculated from the TT model in Fig. 1(d) using characteristic values for the Ge=Si001 system [22] . While the calculations indicate isotropic growth for s t e 0 100 nm ( 0 37 nm), real huts seem to begin elongation already at a stable nucleus size of about 5-8 nm [23] , if at all [e.g., the island in Fig. 1 (a) does not show any anisotropic elongation].
Because of the extreme (exponential) sensitivity of 0 to the surface to strain energy ratio [20] , its estimation should be made with caution. The values of surface and facet energies are commonly obtained from calculations, and thus may vary not only with the wetting-layer thickness [17] , but also as a function of the calculation method and the approximations or assumptions made regarding the structure of these surfaces. Since the difference between the surface and facet energies is considered [20] , which can assume arbitrarily small (and even negative) values, this may result in substantially smaller critical 0 sizes. Furthermore, repulsive island-island interactions may lower the transition size, as has been reported for the pyramid-to-dome transition [8] .
Nevertheless, the discrepancy between the experimental results and those expected from the TT model, as exemplified in Fig. 1 , has been among the factors that led to the belief that the elongation is driven by kinetic [4, 15] (rather than equilibrium) tendencies. In such a kinetic model, the first facet out of four in the initially square-based pyramid is randomly ''selected'' (fluctuation) for coverage by a Ge monolayer. The probability for the next attachment, though, of Ge adatoms to this and opposite facet remains unchanged (since their areas were not changed in the process), unlike the now lower attachment probability to the two other facets with now larger areas and respective attachment barriers. The same elongation direction, hence, is selected time and time again, with ever growing probability after each elemental advancement event of the lowarea facets. However, if this kind of mechanism was in effect, the elongation of each hut would be equally probable along one of the two h100i directions without any bias, which is not the case here, as elaborated below.
While Tersoff and Tromp have explored a strained 3D faceted island, Li, Liu, and Lagally (LLL) have chosen a 2D rectangular one, with s and t dimensions in short and long directions, respectively [24] . The total energy, E total , as a function of arctans=t is U shaped, symmetrical around 45 (i.e. s t) minimum, as long as the island does not exceed some critical diameter. Otherwise, due to strain-induced shape instability, the island adopts an elongated shape in either of the two orthogonal directions with two degenerate minima at min 45 . One of the key points of their investigation is that in the case of anisotropic edge energies the symmetry between the two orthogonal directions is broken, causing island elongation along the low edge free energy direction in which both edge and strain energies are minimized (see Fig. 2 ), and for strong anisotropy, this elongation can take place at any size. Such an analysis in principle applies to 3D faceted islands with slowly growing height, as well, by adequately replacing edges by facets, lengths by areas, edge energies by surface energies, etc. In other words, when the island elongates, its perimeter and hence facet length grow faster than the strained base area, resulting in a more effective relaxation. The question is then this: If this (or a similar) mechanism, i.e., based on anisotropy of facet energies, is responsible for the Ge hut elongation at low growth temperatures, what might lift energetic degeneracy of the apparently equivalent f105g facets bounding pyramidal Ge islands?
The answer to this question may well originate at the specifics of the transformation sequence experienced by Ge epilayers growing on Si(001) at T < 550 C [14, 16] . Elastic relaxation of Ge=Si mismatch strain by 3D Ge nanocrystals is preceded by similarly elastic relaxation in a still 2D state of a wetting layer, by two mutually perpendicular types of a periodic line defect, namely, dimervacancy lines and dimer-row vacancies, forming the above-mentioned quasiperiodic (M N) grating on the Ge layer surface [16] , clearly seen around the huts in Fig. 3 . If the growth continues, initially shapeless voids at the grating nodes transform into pyramidal pits at a critical wetting-layer thickness [14] , and participate in a cooperative nucleation of Ge huts [4, 25] (this grating is also responsible for the split nucleation of Ge embryos [6] ). Since hut nucleation in a low-temperature regime is always heterogeneous, at steps or previously formed pits (that disappear only at later stages, after hut nucleation is complete) [14] , one or more of the hut edges is in contact with either a step edge or a pit, such as shown in Fig. 3 . Note that such a nucleation mode is a function of temperature only, and not of the deposition method, since it has been observed in gas-source [14] as well as solid-source [4] molecular beam epitaxy. Below, the effect of the pits on hut elongation in pit-hut pairs (such as shown in Fig. 3) is analyzed, although similar considerations are probably valid in step-hut complexes as well.
Finite element (FE) analysis was carried out on a pit-hut pair, using the commercial FE program ADINA 8.3, with a mesh consisting of 18 100 20-noded, 3D isoparametric elements and 79 100 nodal points. Two configurations were considered as shown in Figs. 4(a) and 4(b) . The pit dimensions were 10 10 nm, with a 2-nm-thick wetting layer. The total energy for each configuration was calculated and seen to be nearly the same with, however, a slightly smaller value for the combination in Fig. 4(a) . The effective stress given by 2 eff 2 1 ÿ 2 2 2 ÿ 3 2 3 ÿ 1 2 , where 1 , 2 , and 3 are the principle stresses is illustrated in Figs. 4(a) and 4(b) . It may be observed that at the corners of the pit, the effective stress is less for the hut which grows lengthwise in Fig. 4(a) rather than along its width in Fig. 4(b) . Moreover, the strain energy density along the mutual pit-hut boundary, given by W 1 2 ij " ij , where " ij is the strain tensor, is shown in Fig. 4(c) . It is seen that for the hut which grows lengthwise, W is lower than for the other case. Both the behavior of the effective stress and strain energy density seem to imply that growth in the lengthwise direction is preferable. Therefore, the following plausible evolution scheme is proposed: once a stable critical nucleus is formed [6] , its energetically preferred growth direction would be along that mutual boundary, until it either reaches the corners or attains an equilibrium s=t ratio according to the LLL model. The latter possibility is nicely exemplified by the annealing experiments of Jesson, Chen, and Pennycook [25] and Gray, Hull, and Floro [26] , resulting in very long pitturned-grooves with lateral aspect ratios up to 20, where the huts always appear to stop short of exceeding their parent groove boundary length, sometimes by a considerable distance, possibly implying equilibrium s=t ratios. Without such annealing, the pits are mostly small and square based, comparable in size with the pyramidal island nuclei [14] . Therefore, the first step of island elongation along island-pit boundaries is quickly accomplished. Further equilibrium island elongation will now be in the perpendicular direction until either an equilibrium s=t ratio is established or impingement onto other pits and islands occurs, as shown in Figs. 3(a)-3(c) . Since it is the mutual pit-island boundaries that are responsible for island elon- gation by breaking energetic degeneracy of its facets, pits on adjacent facets [left-hand island in Fig. 3(b) ] stop elongation by reestablishing energetic isotropy. Pits on the opposite facets [ Fig. 3(c) ] stop elongation perpendicular to pit-island boundaries by impingement, and parallel to them by pinning at the pit-island corners. In principle, if huts are allowed to reach their full length without impinging on obstacles, such as pits, steps, and other huts and defects, measurements of their s=t ratios can validate the degree of agreement to the LLL model. The closest to this configuration of the pit-hut complexes is obtained by annealing experiments, where very long pits (grooves) facilitate similarly high hut lateral aspect ratios, with these long huts always appearing to stop short of exceeding their parent groove boundary length and not due to impingement [25, 26] . However, pit-hut distribution in growth experiments [6, 14, 16, 23] , as indeed in this work, is such that both huts and pits are much more compact, with the vast majority of huts in contact with two or more pits that stop their elongation (cf. Fig. 3 ), as explained above, making quantitative comparison to the LLL model difficult.
In conclusion, an invisible yet tangible thermal border divides all major aspects of Ge growth on Si(001), including nucleation, evolution, and even Si-capping of Ge nanostructures, in two: low-and high-temperature behavior (T < 550 C and T > 550 C, respectively), most probably due to extensive Si-Ge intermixing in the latter. In our previous works, nucleation [6, 14] and capping [12] phenomena were treated, and here an equilibrium elongation mechanism of Ge huts on Si(001) surface is proposed, driven by energy minimization (e.g., like the one proposed by Li, Liu, and Lagally) rather than kinetic instability. While kinetically motivated elongation cannot be entirely ruled out, the fact that there are two elongation directions, i.e., first along the pit-hut boundary and then perpendicular to it, excludes at least the kinetic arguments of growth (elongation) direction chosen by supply of atoms from the pits, or randomly chosen growth directions by fluctuations and consequent difference in attachment barriers. In the proposed mechanism, parent pits, at which initially pyramidal islands nucleate, play a different role, namely, remove the energetic degeneracy of the bounding f105g facets and create energetically preferred elongation directions.
